Effects of salt stress on polyamine metabolism and ethylene production were examined in two rice (Oryza sativa L.) cultivars [I Kong Pao (IKP), salt sensitive; and Pokkali, salt resistant] grown for 5 d and 12 d in nutrient solution in the presence or absence of putrescine (1 mM) and 0, 50, and 100 mM NaCl. The salt-sensitive (IKP) and salt-resistant (Pokkali) cultivars differ not only in their mean levels of putrescine, but also in the physiological functions assumed by this molecule in stressed tissues. Salt stress increased the proportion of conjugated putrescine in salt-resistant Pokkali and decreased it in the salt-sensitive IKP, suggesting a possible protective function in response to NaCl. Activities of the enzymes ornithine decarboxylase (ODC; EC 4.1.1.17) and arginine decarboxylase (ADC; EC 4.1.1.19) involved in putrescine synthesis were higher in salt-resistant Pokkali than in salt-sensitive IKP. Both enzymes were involved in the response to salt stress. Salt stress also increased diamine oxidase (DAO; 1.4.3.6) and polyamine oxidase (PAO EC 1.5.3.11) activities in the roots of salt-resistant Pokkali and in the shoots of salt-sensitive IKP. Gene expression followed by reverse transcription-PCR suggested that putrescine could have a post-translational impact on genes coding for ADC (ADCa) and ODC (ODCa and ODCb) but could induce a transcriptional activation of genes coding for PAO (PAOb) mainly in the shoot of salt-stressed plants. The salt-resistant cultivar Pokkali produced higher amounts of ethylene than the salt-sensitive cultivar IKP, and exogenous putrescine increased ethylene synthesis in both cultivars, suggesting no direct antagonism between polyamine and ethylene pathways in rice.
Introduction
The diamine putrescine (Put) and the polyamines (PAs) spermidine (Spd) and spermine (Spm) are low molecular weight organic cations that are implicated in various physiological and developmental processes in all living organisms. In plants, these processes include regulation of cell division, rhizogenesis, embryogenesis, senescence, floral development, and fruit ripening (Galston et al., 1997; Kakkar et al., 2000; Arena et al., 2005) . In addition, PAs have been shown to afford protection against a large number of environmental biotic and abiotic stresses (Bouchereau et al., 1999; Balestrasse et al., 2005; Yang et al., 2007) . Under physiological conditions, PAs may be present in a free soluble form but also conjugated to phenolic and hydroxycinnamic acids or bound to macromolecules such as proteins and nucleic acids (Bakhanashvili et al., 2005; Groppa and Benavides, 2008) .
Despite an increasing number of studies devoted to the putative functions of endogenous PAs in plants, contradictory data are still reported with respect to PA accumulation as a response to salt stress, especially in rice (Oryza sativa). During salt stress, PA concentrations have been reported to increase (Katiyar and Dubey, 1990; Basu and Ghosh, 1991) or to decrease (Prakash and Prathasenan, 1988; Lin and Kao, 1995; Maiale et al., 2004) . Such discrepancies may be due, at least in part, to the fact that most studies only deal with the free soluble PA fractions, which are by far the easiest fraction to quantify from a technical point of view. It might be argued, however, that since the protective functions of PAs are partly due to their close association with some macromolecules, the conjugated and bound forms should also be considered. In a recent study, Yang et al. (2007) demonstrated that drought tolerance of some rice cultivars was directly associated with their ability to increase bound PA fractions in the flag leaf, but no data are available concerning such an involvement in response to salinity.
Ethylene is considered as a senescing hormone in plants, and an increase in its biosynthesis in response to environmental stress is thus reported as a symptom of injury. The PAs, Spd and Spm, and ethylene share a common precursor [S-adenosyl-L-methionine (SAM)], and the biosynthetic relationship between those molecules is most often considered in terms of a competitive demand (Pandey et al., 2000) . Nevertheless, in rice, application of PAs leads to an increase in ethylene production (Chen et al., 1991; Lutts et al., 1996) , thus reinforcing the hypothesis of a specific metabolic behaviour in rice. The impact of exogenously applied PAs on the endogenous PA pathway and the putative influence of salinity on this impact remain unknown.
Stimulation of PA synthesis in plant tissues may occur through the activation of arginine decarboxylase (ADC; EC 4.1.1.19) or ornithine decarboxylase (ODC; EC 4.1.1.17), both enzymes catalysing the production of Put. S-Adenosyl-L-methionine decarboxylase (SAMDC; EC 4.1.1.50) introduces SAM into the pathway, which is then used in its decarboxylated form (dSAM) as an aminopropyl donor in the conversion of Put to Spd and Spm through the action of Spd synthase (SPDS; EC 2.5.1.16) and Spm synthase (EC 2.5.1.22), respectively. Catabolism of PAs occurs through oxidation. Diamine oxidase (DAO; EC 1.4.3.6) produces D 1 -pyrroline and H 2 O 2 as a result of Put oxidation, while polyamine oxidase (PAO; EC 1.5.3.11) uses Spd or Spm to produce D 1 -pyrroline and 1,3 diaminopropane or 1,3 diaminopropane and 1,5 diazabicyclononane, respectively (Groppa and Benavides, 2008) . A better understanding of the physiological significance of PA production in saltstressed rice thus requires quantification of these enzyme activities in different organs in response to NaCl.
Each of these enzymes is encoded by a low copy number of genes exhibiting both transcriptional and post-translational regulation (Hummel et al., 2004; Delis et al., 2006) . For a given enzyme, the corresponding genes are differently regulated according to developmental and environmental cues (Hummel et al., 2004; Groppa and Benavides, 2008) but stress-induced modifications in enzyme activities were not necessarily correlated with modifications in gene expression (Bouchereau et al., 1999; Groppa and Benavides, 2008) . PAs themselves were shown to modulate post-translational regulation of ADC (Borrell et al., 1996) and ODC (Palanimurugan et al., 2004) . Page et al. (2007) demonstrated that alteration of the cellular Put content may differently affect the expression of the SAMDC and SPDS gene families but that there was no feedback of the expression of ODC and ADC genes. On the other hand, it has been hypothesized that PAs might also influence the expression of genes coding for Put synthesis or PA oxidation (Kasukabe et al., 2004) , but data concerning rice exposed to salinity remain scarce in this respect.
Previous data demonstrated that long-term application of exogenous Put reduced Na + and Cl -accumulation in salttreated rice calli (Ndayirajige and Lutts, 2006a) and improved grain yield of a salt-sensitive cultivar exposed to NaCl (Ndayirajige and Lutts, 2007) . In the present work, the tested hypotheses were that (i) ion discrimination is influenced by exogenous Put on a short-term basis, even after a few days of treatment; and (ii) the impact of exogenous Put on salt-treated rice depends on the cultivar in relation to the influence of exogenous Put on endogenous PA metabolism. Therefore, the impact of salt stress on PA accumulation and metabolism was analysed in a saltsensitive [I Kong Pao (IKP)] and a salt-resistant (Pokkali) rice cv. The free, conjugated, and bound forms of PA were quantified in salt-treated plants exposed or not to exogenous Put and were analysed in relation to plant growth, ethylene synthesis, osmotic potential (Ws), monovalent cations (Na + and K + as primary targets of salt stress), and malondialdehyde (MDA; an indicator of oxidative stress) concentrations in roots and shoots. The activities of ADC, ODC, DAO, and PAO were also determined and the implications of these enzymes in PA metabolism under salt stress conditions are discussed in relation to the impact of salt and/or exogenous Put on the corresponding gene expression.
Materials and Methods
Plant culture and growth conditions Seeds of two rice cvs (O. sativa L.; salt-sensitive cv IKP and saltresistant cv Pokkali) were obtained from the IRRI (International Rice Research Institute, Philippines). The seeds were germinated on two layers of moistened Whatman No. 2 filter paper in a growth chamber at 25°C under a 12 h daylight period (120 lmol m À2 s À1 ). Ten-day-old seedlings of the two cultivars were transferred into a phytotron and fixed on polystyrene plates floating on nutritive solution (Yoshida et al., 1976) . Illumination was provided by Sylvania fluorescent tubes (F96T12/CW/VHO) for 12 h d À1 at a photon flux density of 290 lmol m À2 s
À1
. Daytime humidity was between 60% and 80%, and the temperature was maintained at 29°C during the day and 26°C during the night. The solutions were readjusted every 2 d and renewed weekly. After 2 weeks of acclimatization in control conditions, seedlings were exposed for 5 d and 12 d to 0, 50, or 100 mM NaCl in the absence or presence of 1 mM exogenous Put. For each treatment, seedlings were distributed among four pots (eight seedlings per pot) containing 2.0 l of solution in a complete randomized block design.
Sixteen plants per treatment were collected after 5 d and 12 d of treatment. Osmotic potential (Ws) was estimated on tissular sap collected by centrifugation (15 000 g for 15 min at 4°C) of frozen fresh leaf segments (four plants per treatment) according to Lefèvre et al. (2001) using a vapour pressure osmometer (Wescor 5500). Leaf stomatal conductance (g s ) was determined after 5 h of light in the photoperiod (at 11.00 am) on the abaxial surface of the third and fourth leaves on five plants per treatment using an automatic diffusion porometer (AP4 Delta-T Devices Ltd, Cambridge, UK). Leaf water potential (Ww) was measured on the same leaves with a Scholander-type pressure chamber on excised leaf blades. Roots and shoots of four other plants were separated and weighed before and after incubation for 48 h in an oven at 70°C in order to determine fresh weight (FW) and dry weight (DW), respectively. The remaining material was immediately frozen in liquid nitrogen and maintained at -80°C for further PA, MDA, and enzyme extraction and quantification.
Determination of Na + , K + , and MDA concentration
The roots of harvested plants were quickly rinsed in sterile deionized water to remove ions from the free space and gently blotted dry with a paper towel. For quantification of Na + and K + in shoots and roots, tissues were oven-dried at 70°C for 48 h and 50 mg DW were digested in 35% HNO 3 . Na + and K + were resuspensed in 10 ml of HCl (0.1 N) and the solutions were filtered. Ions were quantified by flame atomic absorption spectrophotometry (VARIAN spectra-300).
Lipid peroxidation was estimated as the amount of the thiobarbituric acid-reactive substances (TBARS; mainly MDA from lipid peroxidation) determined by the thiobarbituric acid (TBA) reaction as described by Heath and Packer (1968) . For each sample, 250 mg FW for shoots and for roots were separately frozen in liquid nitrogen, ground in a pre-chilled mortar, and homogenized in 5 ml of 5% (w/v) trichloroacetic acid (TCA). The homogenates were centrifuged at 10 000 g for 10 min and filtered through Whatman No. 1 filter paper. A 2 ml aliquot of TBA [0.67% (w/v)] was added to 2 ml of supernatant: the mixture was heated at 100°C for 30 min and then quickly cooled on ice. Samples were centrifuged at 5000 g for 1 min and the absorbance was measured at 532 nm. The non-specific absorption at 600 nm was subtracted. The concentration of TBARS was calculated using an extinction coefficient of 155 mM À1 cm À1 .
Free, conjugated, and bound polyamine extraction and determination Free, conjugated (PA conjugates with phenolic acids and other low molecular weight compounds), and bound PAs (PA conjugates with macromolecules) were extracted according to Piqueras et al. (2002) . Tissues were frozen in liquid nitrogen and ground in a prechilled mortar: samples (;500 mg FW for shoots and 250 mg for roots) were then ground with a pestle with 10% perchloric acid (PCA) (at a ratio of 100 mg tissue ml À1 10% PCA), vortexing vigorously, and left to stand for 1 h in an ice bath at 4°C. The homogenate was centrifuged at 23 100 g at 4°C during 20 min. The supernatant (containing free and PCA-soluble conjugated PAs) was stored at 4°C, and the pellets (containing PCA-insoluble bound PAs) were resuspended in an equal volume (5 ml) of 1 N NaOH.
For free and conjugated PA analysis, 200 ll of the supernatant was mixed with 200 ll of 12 N HCl and heated at 110°C for 16 h in tightly capped glass tubes. After acid hydrolysis, HCl was evaporated from the tubes by further heating at 80°C and the residue was resuspended in 200 ll of 10% PCA and used for dansylation. To extract PCA-insoluble bound PAs, the pellet was dissolved by vigorous vortexing in 5 ml of 1 N NaOH. The mixture was centrifuged at 23 100 g at 4°C for 20 min, and the supernatant, including the solubilized bound PAs, was hydrolysed under the same conditions as above. Aliquots of 200 ll of supernatant (free PAs), hydrolysed supernatant (conjugated PAs), and hydrolysed pellet (bound PAs) were dansylated, along with PA standards, as previously described by Lefèvre et al. (2001) . Samples were resuspended in 1 ml of methanol, centrifuged at 13 000 g during 15 min, and filtered through microfilters (Chromafil PES-45/15, 0.45 lm; Macherey-Nagel). Aliquots (20 ll) were injected into a Bio-Rad HPLC system equipped with a Nucleosil 100-5 C18 MN 250/04 column (particle size: 5 lm, 4.63250 mm 2 ). Elution was performed at 35°C at a flow rate of 1 ml min À1 using a methanol/water stepped gradient program changing from 60% to 100% methanol over 25 min. The column was washed with 100% methanol for 15 min. Detection of dansylated PAs was performed with a Shimadzu RF-10Axl fluorimeter, with an excitation wavelength of 320 nm and an emission wavelength of 510 nm. For a given treatment, each quantification was performed on three independent samples.
Enzyme analysis
Extraction and assays of ADC and ODC were performed on fresh extracts according to Lee et al. (1996) . Shoots and roots (;0.5 g FW) were frozen in liquid nitrogen, ground to a fine powder, and homogenized with 1.5 ml of grinding buffer containing 25 mM potassium phosphate, 50 lM EDTA, 100 lM phenylmethylsulphonyl fluoride (PMSF), and 25 mM ascorbic acid (pH 8.0). The homogenate was then centrifuged at 5000 g for 20 min at 2°C and the supernatant collected and dialysed at 4°C against 2.0 l of grinding buffer for 24 h in darkness. Dialysed extract (50 ll) was used in the enzyme assay. Enzyme activity was determined by measuring CO 2 evolution from the decarboxylation reaction. The reaction buffers for ADC and ODC assays were 0.1 ml of 200 mM Tris-HCl (pH 8.0) and 0.1 ml of 200 mM potassium phosphate (pH 7.5), respectively. After reincubation of enzyme extract and reaction buffer at 0°C for 5 min, 10 ll of the respective substrate solution, 3.66 mM arginine (containing 185 kBq ml
14 C]ornithine) were added to the reaction mixture. The 15 ml reaction tubes containing two filter paper discs impregned with 2 M KOH were then sealed with rubber caps and incubated at 40°C on a rotating shaker for 2 h. The released 14 CO 2 was trapped by the two filter paper discs. The reaction was stopped by injecting 0.2 ml of 10% (w/v) trichloroacetic acid (TCA) with a syringe, and trapping was continued for 1 h. The paper discs were then allowed to dry and put in 5 ml of scintillation liquid. Radioactivity on the discs was measured with a Beckman LS-1810 liquid scintillation spectrometer (Beckman Instruments, Inc., Irvine, CA, USA). The enzyme activity was expressed as nmol 14 CO 2 released (mg protein) À1 h
À1
. Protein content was determined according to the protein-dye biding method of Bradford (1976) using bovine serum albumin as a standard. L-[U-
14 C]Arginine monochloride and L-[1-
14 C]ornithine monochloride were purchased from Amersham (Buckinghamshire, UK). All other chemicals were obtained from Sigma-Aldrich (St Louis, MO, USA). DAO (EC 1.4.3.6) and PAO (EC 1.5.3.11) activities were estimated spectrophotometrically by a method based on the colorimetric assay of D-pyrroline using Put (for DAO) or Spd (for PAO) as substrates (Holmstedt et al., 1961) . For extraction, tissues were frozen in liquid nitrogen and ground in a pre-chilled mortar: samples (;2 g FW) were then homogenized (triplicate samples) at 4°C in 100 mM potassium phosphate buffer (pH 7.0) containing 5 mM dithiothreitol and the extract was centrifuged at 16 000 g for 20 min at 4°C. In order to solubilize the DAO/PAO activities, the residue was sequentially extracted twice for 10 min with 100 mM potassium phosphate buffer (pH 7.0) containing 1 mM NaCl. In a 1.0 ml final reaction volume, 450 ll of extract was combined with 50 U of 50 ll of catalase (Sigma-Aldrich, Belgium), 250 ll of 2-aminobenzaldehyde (0.1%), and the reaction was started with one of the two different buffer and substrate combinations: 250 ll of 10 mM Put in 50 mM potassium phosphate buffer (pH 7.5) for DAO; 250 ll of 10 mM Spd in 50 mM potassium phosphate buffer (pH 6.0) for PAO. The reaction was carried out at 30°C for 3 h, and then stopped with 1.0 ml of 10% (v/v) PCA and the tubes centrifuged at 5000 g for 15 min. Formation of D-pyrroline product was determined by reading the absorbance at 430 nm. Enzyme activity was expressed in pmol D-pyrroline min À1 g À1 FW using an extinction coefficient of 1.86310 3 mol À1 cm À1 .
Reverse transcription-PCR (RT-PCR)
Genes coding for ADC, ODC, DAO, and PAO in rice were searched on the National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/) and Rice Genome Annotation (http://rice.plantbiology.msu.edu/) databases. With the exception of ADC1, the results obtained were sequences of hypothetical proteins and for this work they were renamed according to their function, as described in Table 1 . Primers were designed using Primer 3 software (version 0.4.0) under default parameters (Rozen and Skaletsky, 2000) . The primers used for UBQ5 were chosen based on Mukesh et al. (2006) Total RNA was prepared from 150 mg of plant material using the TRI Reagent Solution (Ambion, Austin, TX, USA). Reverse transcription was performed with 1 lg of total RNA using the 'Revert Aid H minus first strand cDNA synthesis kit' (Fermentas, St Leon-Rot, Germany), and following the manufacturer's instructions. The amplification procedure consisted of 28 cycles for UBQ5, 30 cycles for ADC1, ADCa, ODCa, PAOa, PAOb, and DAO, and 32 cycles for ODCb. After an initial denaturation step at 94°C for 2 min, each cycle consisted of 30 s at 94°C, 30 s at an annealing temperature depending on the primer combination, and 1 min extension at 72°C, followed by a final extension of 5 min at 72°C. The primer pairs and the annealing temperature used for each amplification are presented in Table 1 . Amplifications were conducted using GoTaq DNA polymerase (Promega Benelux b.v). The PCR products were resolved on agarose gels.
Ethylene biosynthesis
Ethylene biosynthesis was estimated on the youngest fully unfolded leaf of six distinct plants according to Kevers and Gaspard (1985) . The leaves were cut into segments and a sample containing two segments (;30 mg) was incubated in 10 ml vials containing filter paper moistened with 1 ml of deionized water and sealed with rubber serum caps. The vials were incubated in darkness at 27°C on a rotating shaker (100 rpm) for 12 h; a gas sample (1 ml) was then withdrawn from the headspace of the flask and ethylene was assayed using a gas chromatograph (Intersmath IGC120DFL) equipped with an alumina column (Porapak Q) and a flame ionization detector.
Statistical analysis
Two independent experiments were performed and exhibited similar trends. For a given sample, each quantification was performed in triplicate. Three-way analysis of variance (ANOVA III) was conducted separately for each duration of stress considering cultivars, salt doses, and Put treatment as main factors, as well as their interactions. Differences between means were scored for significance according to the Scheffe F-test (SAS system for Windows V8) by using 95% confidence intervals.
Results

Plant growth and water status
The salt-resistant cv Pokkali exhibited a higher DW for shoots and roots than the salt-sensitive cv IKP in both the absence and presence of salt (P <0.05; Fig. 1 ). Exogenous Put application had no impact on shoot DW in the absence or presence of NaCl in IKP compared with the plants maintained in the absence of Put. Exogenous Put slightly but significantly increased shoot growth of salt-resistant cv Pokkali after 12 d of treatment at 50 mM NaCl (Fig. 1B) . An exogenous application of Put induced a significant decrease in root DW for IKP in the absence of salt (Fig. 1D) .
As shown in Table 2 for plants exposed to NaCl during 12 d, both Ws and Ww were lower in Pokkali than in IKP (P <0.01). Exogenous application of Put had no impact on Ws and Ww values in the salt-sensitive IKP but significantly reduced this parameter in Pokkali in both control and stressed plants. Salt stress decreased stomatal conductance (g s ) in the two studied cultivars. Exogenous application of Put significantly increased g s values in the absence of stress in salt-sensitive IKP and in the presence of the highest NaCl dose in salt-resistant Pokkali, confirming a highly significant interaction among salinity and cultivars (P <0.01).
Monovalent cations and MDA accumulation
Salt stress induced an increase in Na + in roots and shoots (Fig. 2) . In both organs, the sodium concentration was higher in IKP than in Pokkali except in roots after 5 d of treatment at 50 mM NaCl (Fig. 2C) . Exogenous Put reduced Na + accumulation in shoots (P <0.05) and roots (P <0.01) of salt-treated IKP but had no significant impact on Pokkali. Salt stress also reduced K + concentration in the ) in two rice cultivars (IKP, salt sensitive; and Pokkali, salt resistant) exposed during 12 d to 0, 50, or 100 mM NaCl in the presence (+ Put) or absence (-Put) of 1 mM putrescine in the nutrient solution Each value is the mean of seven replicates 6SE. For a given parameter, means followed by the same letter are not significantly different at P¼0.05. (Table 3) .
Salt stress induced a significant increase in shoot MDA concentration after 5 d in IKP and after 12 d of treatment in both cultivars (Fig. 3A, B) . In the presence of NaCl, the salt-resistant cv Pokkali usually exhibited a lower shoot MDA concentration than the salt-sensitive cv IKP (P <0.01). Exogenous Put had no impact on shoot MDA in IKP (P¼0.32) while it reduced shoot MDA in salt-treated Pokkali after 12 d of treatment (P <0.01). Salt stress had no clear impact on root MDA concentration (Fig. 3C, D PA concentration (Fig. 4) A salt stress-induced decrease in the Put concentration was noticed for shoots of IKP after 5 dand 12 d but not in Pokkali exposed during 12 d to 50 mM and 100 mM NaCl. The proportion of bound Put decreased and the proportion of conjugated Put increased in response to salinity in Pokkali while an opposite trend was recorded for IKP. As far as Put was concerned, the conjugated fraction remained the most important from a quantitative point of view in all treatments. Salt stress reduced the root Put concentration after 5 d of exposure in the salt-sensitive IKP (Fig. 4C) and such a decrease affected both free and bound forms, as well as the conjugated fraction at high NaCl dose. Salt-resistant Pokkali exhibited a higher titre of Put in the roots than the salt-sensitive IKP, except after 12 d of exposure to 50 mM NaCl (Fig. 4D) . When the plants were exposed to exogenous Put, the endogenous concentration of Put increased in the roots of both cultivars (P <0.01) and to a lower extent in the shoots (P <0.05). Such an increase mainly concerns the free soluble fraction after 5 d: in control plants, the conjugated fraction remained unaffected and the bound fraction was even slightly decreased in IKP. There was no significant difference between the two studied genotypes for root Spd concentration (data not shown), and salt stress had no significant impact on this parameter (P¼0.57). In the shoots of non-stressed plants, free, conjugated, and bound Spd concentrations were higher for the salt-sensitive cv IKP than for Pokkali (Table 4) . Salinity induced a decrease in free and conjugated Spd in IKP but an obvious increase of conjugated Spd in Pokkali (P <0.001). The exogenous application of Put increased the conjugated and bound Spd concentration in the shoots of the salt-sensitive cv IKP after 5 d of treatment but had no similar impact on the salt-resistant cv Pokkali.
Total Spm in the roots obviously decreased with the age of the plant but there was no significant difference between cultivars (Table 5) . Salt stress slightly increased the root Spm (P <0.05) and there was no obvious difference between cultivars in this respect (P¼0.47). In the absence of salt, the shoot Spm concentration was higher in IKP than in Pokkali. Salt stress induced an increase in free, conjugated, and bound Spm in IKP and Pokkali after 12 d of exposure, and total Spm concentration therefore always remained higher in IKP than in Pokkali. Exogenous Put had no impact on endogenous Spm concentration, whatever the cultivar, the considered organ, or the NaCl dose (detailed data not shown).
Enzyme activities
ADC activities increased in response to salinity in the shoots of both cultivars and remained higher in the saltresistant cv Pokkali compared with IKP (Fig. 5A, B) . As far as as salt-sensitive cv IKP is concerned, it is noteworthy that exogenous Put stimulated ADC activities in control plants only and had no impact or even decreased ADC activities in salt-treated plants. ADC activities were always higher in the roots than in the shoots. Salt stress slightly increased ADC activities in roots after 5 d of treatment in the absence of exogenous Put (Fig. 5C ). Salt stress decreased root ADC activities after 12 d of treatment in Puttreated plants only (Fig. 5D ). Shoot ODC activities were stimulated by salt stress in both cultivars after 5 d of treatment (Fig. 6A) , although ODC activity was higher at 50 mM than at 100 mM in IKP. It has also to be mentioned that exogenous Put either had no impact on ODC activity or clearly increased it. In the roots of salt-treated plants, ODC activity was always higher in Pokkali than in IKP, especially after 12 d of exposure to 100 mM NaCl (Fig.  6D) . Salt stress increased the root ODC activity in IKP only after 5 d of exposure to 100 mM NaCl.
Root DAO remained unaffected by exogenous salt or Put in IKP but clearly increased in response to NaCl in Pokkali (Fig. 7) . In contrast, the shoot DAO activity was slightly increased by salt stress in IKP in both the absence and presence of Put, while the shoot DAO increase in Pokkali was reported in the presence of exogenous Put in 100 mM NaCl-treated plants only. Root PAO activity was higher in Pokkali than in IKP, especially in salttreated plants. In IKP, exogenous Put decreased root PAO in the presence of 50 mM NaCl but increased it in the presence of 100 mM NaCl. At the shoot level, PAO activities were similar in control plants of the two considered cultivars. Salt stress increased shoot PAO activity in IKP (P <0.01) but not in Pokkali (P¼0.63). Exogenous Put increased PAO activity in 100 mM NaCltreated plants. 
Steady-state mRNA levels
As shown in Fig. 8 , DAO transcripts were observed in both IKP and Pokkali. In Pokkali, the highest expression level was observed for plants exposed to 100 mM NaCl in the presence of Put. In IKP, DAO was mainly expressed in control plants and in plants exposed to 100 mM NaCl in the presence of Put after 5 d of treatment (Fig. 8A, C) while there was no expression difference between treatments after 12 d of stress (Fig. 8B, D) . PAOa was only weakly expressed in IKP shoots exposed to 100 mM NaCl after 12 d of stress (Fig. 8B ) and in Pokkali roots exposed to 100 mM NaCl in the presence of Put after 5 d of treatment (Fig. 8C) . PAOb was mainly expressed in the shoot of IKP (Fig. 8A, B) and in the roots of Pokkali (Fig. 8C, D) . The PAOb expression level increased with the salt treatment in both cultivars. The Put treatment increased the expression level in IKP shoots exposed to 100 mM NaCl (Fig. 8A, B) and in Pokkali shoots exposed to 100mM salt treatment during 12d (Fig. 8B) .
The transcripts of ODCa were mainly observed in the absence of salt. After 12 d of treatment, the expression level was higher in Pokkali compared with IKP in both shoot and root (Fig. 8B, D) . In contrast, ODCb was expressed in the shoot of both cultivars after 12 d of NaCl exposure (Fig. 8B) . Transcripts of ADCa were present in roots (Fig.  8C, D) . After 5 d of treatment, the highest expression levels were observed for the salt treatments in the absence of Put in both cultivars (Fig. 8C) . After 12 d of stress, the Put treatment increased ADCa expression in salt-treated Pokkali roots while ADCa was mainly expressed in the absence of salt in IKP. ADC1 was constitutively expressed.
Ethylene biosynthesis
As shown in Fig. 9A , ethylene biosynthesis after 5 d of treatment was higher in the salt-resistant cv Pokkali than in the salt-sensitive cv IKP. Salt stress induced a slight increase in ethylene synthesis in the salt-sensitive cv IKP. Exogenous Put application had no effect on ethylene production for either cultivar except for Pokkali plants in the presence of ) in roots and shoots of two rice cultivars (IKP, salt sensitive; and Pokkali, salt-resistant) exposed during 5 d and 12 d to 0, 50, or 100 mM NaCl Each value is the mean of four replicates 6SE. In a given column, means followed by the same letter are not significantly different at P¼0.05. 100 mM NaCl where a significant increase in ethylene synthesis was observed in response to Put application. In the absence of NaCl after 12 d of treatment, ethylene biosynthesis was still slightly higher in the salt-resistant cv Pokkali than in the salt-sensitive cv IKP (Fig. 9B ). In the absence of exogenous Put, salinity induced an increase in ethylene synthesis, but no difference could be recorded among cultivars after 12 d of exposure to 100 mM NaCl. Exogenous Put caused a significant increase of ethylene release by both cultivars in the absence of stress. In the presence of 50 mM NaCl, however, ethylene biosynthesis by Put-treated plants decreased. It then increased again for plants exposed to 100 mM NaCl in Pokkali but not in IKP.
Discussion
The impact of exogenous Put on plant response and PA conjugation depends on cultivars
Despite numerous experimental data available in the literature, the role of PAs in plant resistance to NaCl remains imprecise. The application of exogenous PAs is one of the possible strategies to study the implication of those molecules in stress response, but the present work suggests that their impact may vary depending on the considered genotype. Lefèvre et al. (2001) showed that the roots of the salt-resistant cv Pokkali contain high amounts of Put compared with the salt-sensitive cv IKP and it may thus be hypothesized that an exogenous application of Put could help the salt-sensitive genotype to cope with high external doses of salt. Ndayiragije and Lutts (2006b) , however, demonstrated that although Put is efficiently absorbed and translocated to the shoots and had a positive impact on monovalent cation discrimination in this cultivar, the increase in Put did not allow the plant to overcome the deleterious effect of salt stress and even reinforced the negative impact of NaCl in terms of both shoot and root growth. The present work confirms those results for the salt-sensitive cv IKP but also underlines a different response for the salt-resistant cv Pokkali: although exogenous Put had no impact on control plants, it increased shoot growth of this cultivar exposed to 50 mM NaCl during 5 d and 12 d, and reduced Ws but had no significant impact on Na + accumulation in shoots and roots. Moreover, exogenous Put also reduced shoot MDA concentration for Pokkali exposed to NaCl, thus suggesting that the anti-peroxidative properties of PAs are not limited to Spm as reported elsewhere (Tadolini, 1988) . The data therefore suggest that the two studied genotypes may differ not only in their mean levels of Put, but also in the physiological functions of this molecule in stressed tissues.
PA metabolism in higher plants exhibits several specificities. A first specificity of PA metabolism in plants is linked to the fact that PAs can be conjugated via an amide bond to hydroxycinnamic (mainly caffeic, ferulic, and p-coumaric) acids and that this conjugated PA pool can be larger than that of the free PA (Martin-Tanguy, 1997). As far as Put is concerned, the conjugated fraction is quantitatively the most important for the two studied cultivars, salt stress increased the proportion of conjugated Put in the saltresistant cv Pokkali but decreased it in the salt-sensitive IKP, suggesting that this class of molecule may assume protective functions in response to NaCl. The inability of exogenous Put to afford protection in salt-treated IKP may be linked to the fact that such treatment only increased the free soluble Put fraction and not the conjugated forms. Similarly, conjugated Spd increased in response to salt stress in salt-resistant Pokkali but decreased in salt-sensitive IKP. Yang et al. (2007) reported that conjugated Spd and Spm are probably not involved in the drought resistance of rice, and the present data thus suggest that a different behaviour may occur in response to salt stress, which implies an important ionic component linked to Na + and Cl -accumulation (Lefèvre et al., 2001) . It could be argued that exogenous application of Put induced an increase in conjugated Spd but did not improve salt resistance in IKP. A possible explanation might be that the resulting conjugated Spd was not triggered to go the correct cell compartment, and further work is thus required to identify the precise site of conjugated PA accumulation in tissues.
Beside conjugation, PAs may also be covalently bound to macromolecules such as specific proteins or DNA (Watson and Malmberg, 1996; Roy et al., 2005) . Surprisingly, bound Put decreased in response to salt stress in the salt-resistant cv Pokkali. Similarly, bound Spd in the shoots of plants exposed to 100 mM NaCl in the absence of exogenous Put (Fig. 5 ) was higher in IKP than in Pokkali, and a positive impact of exogenous Put in the latter genotype was not linked to any increase in bound Spd. Thus, there are no experimental data confirming that bound PAs assume crucial protection of salt-stressed tissues. On the other hand, there is no evidence that conjugated PAs are unable to interact with macromolecules: conjugated PAs are typically bifunctional compounds carrying properties of both amines and hydroxycinnamic acids, and possible interactions of those basic molecules with negatively charged sites in macromolecules and subcellular structures can still occur at the level of the protonated primary amino group.
Both ODC and ADC activities are involved in the response of rice to salinity and are modified by exogenous Put independently of gene expression A second specificity of PA metabolism in plants is related to the fact that Put may be produced either through ornithine decarboxylation, as is the rule in animals, or also through arginine decarboxylation. ODC is usually associated with the regulation of plant growth and cell division since it is active in fast-growing tissues (Michael et al., 1996) , while ADC is usually considered as the main enzyme involved in the response to abiotic stresses . The present results, however, suggest that the situation is not so simple, at least in O. sativa. From a quantitative point of view, ODC activities were always higher than ADC activity, especially in salt-treated tissues, whatever the considered organ or stress exposure. Both ADC and ODC activities were higher in the salt-resistant genotype Pokkali than in the salt-sensitive genotype IKP, especially in the roots of salt-treated plants. Chattopadhyay et al. (1997) showed that rice ADC activity was higher in a salt-resistant cultivar than in a salt-sensitive one, but these authors did not consider ODC activities. On the basis of the present results, it is suggested that both enzymes may be involved in the response of rice to salinity and that the situation is similar to what was reported by Friedman et al. (1989) for Vigna radiata. This, however, does not imply that the considered enzymes assume similar functions since they are thought to be located in different cell compartments although conflicting reports are available in the literature concerning the subcellular localization of these enzymes (Bortolotti et al., 2004; Gemperlova et al., 2006) . ADC has been reported to be regulated mainly by posttranslational mechanisms in relation to the cleavage of an inactive precursor of 60 kDa into two peptides, one of them located at the C-terminal end of the pre-protein exhibiting the ADC activity. In Avena sativa, a feedback inhibition of ADC has been reported to be due to the inhibition of this post-translational maturation process by Spm, and to a lesser extent by Spd, but not by Put (Borrell et al., 1996; Tiburcio et al., 1997) . The present results show that exogenous Put surprisingly increased ADC activity in unstressed plants of cultivar IKP, although Put is the product of the reaction catalysed by ADC. In some cases, stimulation of gene expression could partly explain a stressinduced increase in enzyme activities, as recorded for salt stress impacts of ODCb in the shoots after 12 d and in the roots after 5 d, or for ADCa in the shoots after 5 d. Similarly, the difference between the two considered cultivars could also be related to a difference in gene expression, as indicated by the higher levels of ODCa transcripts associated with higher ODC activities in roots of Pokkali after 12 d of treatment. In contrast, the impact of Put on ADC and ODC enzyme activities could not be related to any specific modification in the corresponding gene expression. These results suggest that Put could promote posttranslational modifications of enzymatic proteins.
Put increases PA oxidation through transcriptional activation
The situation appeared somewhat different for enzymes involved in PA catabolism. Amine oxidases catalyse the oxidative deamination of PAs, and the production of hydrogen peroxide derived from PA oxidation has been correlated with cell wall maturation and lignification while cell wall modifications have been reported to be involved in the stress response (Cona et al., 2006) . The present results showed a stimulation of these enzyme activities in the rice cultivars in response to salt stress but such an increase occurred in different organs depending on the cultivar (in roots for the salt-resistant cultivar and in the shoots for the salt-sensitive cultivar). It has been reported that an increase of PAO activities in photosynthetic tissues could lead to an oxidative burst if there is no concomitant activation of the antioxidant machinery (Moschou et al., 2008) . This, however, should not have occurred in the present study since exogenous Put did not increase shoot MDA content (Fig.  3) . In contrast to genes coding for ADC and ODC, there was a good correlation between DAO and PAO activities on the one hand (Fig. 7) and DAO or PAOb gene expression on the other hand (Fig. 5) . These data also suggest that exogenous Put could increase PAO activity but that such an increase occurred mainly in the shoots of salttreated plants and implies a transcriptional activation.
Put interaction with ethylene synthesis depends on salt stress
A third specificity of PA metabolism in plants may be due to their interaction with the hormonal status of the plant inasmuch as ethylene, on the one hand, and Spd or Spm on the other hand, share a common precursor (dSAM). The situation in this respect may be more or less particular in the case of rice which is a typical semi-aquatic species where ethylene may assume specific functions compared with classical terrestrial plants. In deep-water rice varieties, ethylene has been reported to act as a powerful stimulator of cell elongation rather than as a senescing hormone (Métraux and Kende, 1983) . Some authors have already noticed that salt-resistant rice cultivars produce higher amounts of ethylene than salt-sensitive cultivars (Khan et al., 1987; Lutts et al., 1996) . In classical terrestrial plants, ethylene and PA pathways are considered to be competitive (Muñ oz de Rueada et al., 1994; Rea et al., 1995) . In the present study, leaf segments were excised, and wounding could interfere to some extent with ethylene biosynthesis measurements. The present data nevertheless suggest that the salt-resistant cv Pokkali produced higher amounts of ethylene than the salt-sensitive cv IKP, and there was no clear relationship between endogenous concentrations of PAs and ethylene biosynthesis in plants exposed to salt stress in the absence of exogenous Put. Application of Put, however, increased ethylene synthesis, mainly in salt-treated plants of cv Pokkali after 5 d and in control plants of both cultivars after 12 d. These data suggest that the two considered pathways could be not strictly competitive: a hypothesis would be that Put increases the amount of total dSAM available for either ethylene or Spd and Spm synthesis. It has been reported, indeed, that SAMDC (EC 4.1.1.50) is the main limiting factor for PA biosynthesis (Walden et al., 1997) and that it is activated through a posttranslational maturation process which is efficiently stimulated by Put (Schrö eder and Schrö eder, 1995).
According to Bouchereau et al. (1999) , the relationships between PAs and ethylene may differ in stressed versus nonstressed tissues. It was noticed that ethylene synthesis induced by exogenous Put decreased after 12 d of exposure to a moderate stress intensity (50 mM NaCl), at a time when exogenous Put stimulated growth of salt-treated plants of cv Pokkali in relation to a decrease in Ws. Other agents should thus be involved in the complex network of interactions between PA and ethylene pathways. Li et al. (2004) reported in wheat that oversynthesis of endogenous Put reduced the synthesis of reactive oxygen species which, in turn, reduced the synthesis of ethylene under moderate but not under severe stress conditions. In Pokkali, as far as the Put-treated plants are considered after 12 d of treatment, a negative impact of 50 mM NaCl in terms of ethylene synthesis (Fig. 8 ) was associated with a positive impact in terms of MDA, although the situation is rather different for plants exposed to 100 mM NaCl.
Conclusions
The present work demonstrates that exogenous Put reduces Na + accumulation in root of a salt-sensitive rice cultivar already after a few days of salt exposure. Moreover, the impact of exogenous Put on salt-treated rice depends on the cultivar in relation to the influence of exogenous Put on endogenous PA metabolism. It is suggested that salt resistance was associated with an ability to increase Put synthesis as a consequence of higher ADC and ODC activities, and to maintain a high proportion of conjugated PAs within stressed tissues. Put had no feedback effect on ADC and ODC activities and could induce a transcriptional activation of genes coding for amine oxidase in the shoot of salt-treated plants. The salt-resistant cv Pokkali produced higher amounts of ethylene than the salt-sensitive cv IKP, and exogenous Put increased ethylene synthesis in both cultivars, suggesting no direct antagonism between PA and ethylene pathways in rice. Further work considering additional steps of the PA biosynthetic pathway (SPDS, Spm synthase, and transglutaminase) but also the subcellular distribution of accumulated PAs is required to increase our knowledge about PA involvement in plant response to salt stress.
